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ABSTRACT
If weakly interacting massive particles (WIMPs) in bound solar orbits are systematically driven into
the Sun by solar system resonances (as Farinella and coworkers have shown is the case for many Earth-
crossing asteroids), then the capture of high-mass WIMPs by the Earth would be a†ected dramatically
because high-mass WIMPs are captured primarily from bound orbits. WIMP capture would be elimi-
nated for GeV and would be highly suppressed for GeV. Annihilation of capturedM
x
[ 630 M
x
Z 150
WIMPs and anti-WIMPs is expected to give rise to neutrinos coming from the EarthÏs center. The
absence of such a neutrino signal has been used to place limits on WIMP parameters. At present, one
does not know whether typical WIMP orbits are in fact a†ected by these resonances. Until this question
is investigated and resolved, one must (conservatively) assume that they are. Hence, limits on high-mass
WIMP parameters are signiÐcantly weaker than was previously believed.
Subject headings : minor planets, asteroids È dark matter È elementary particles È Galaxy : halo
1. INTRODUCTION
If weakly interacting massive particles (WIMPs) com-
prise the dark matter, they would have a local density o
x
D
0.3 GeV cm~3. They would be potentially detectable in
several ways : directly in underground detectors, from
WIMPÈanti-WIMP annihilations in the Galactic halo, and
indirectly from neutrinos produced by annihilations of
WIMPs captured by the Earth and the Sun (e.g., Jungman,
Kamionkowski, & Griest 1996).
WIMP capture by the Sun was Ðrst discussed in the
context of a proposed WIMP solution to the solar neutrino
problem (Press & Spergel 1985 ; Faulkner & Gilliland 1985).
Subsequently, several workers realized that if both WIMPs
and anti-WIMPs were captured by the Sun (Silk, Olive, &
Srednicki 1985 ; Gaisser, Steigman, & Tilav 1986 ; Srednicki,
Olive, & Silk 1987 ; Griest & Seckel 1987) or Earth (Freese
1986 ; Krauss, Srednicki, & Wilczek 1986 ; Gaisser et al.
1986), they might annihilate into neutrinos, which would
then pass directly through these bodies and into neutrino
detectors near the surface of the Earth. The failure to detect
neutrinos with relevant energies coming(El D Mx c2/2)from the centers of the Sun and Earth could then place
constraints on the WIMP mass and cross sectionM
x
p
x(e.g., Bottino et al. 1999).
Because the SunÏs gravitational potential is much deeper
than the EarthÏs, it initially appeared as though the Sun
would be so much more e†ective at capture that the annihi-
lation signal from the Sun would always be much larger
than from the Earth. However, Gould (1987) showed that
there were ““ resonant enhancements ÏÏ in capture by the
Earth whenever the WIMP mass was close to the massM
xof an element A that is common in the Earth. SpeciÐ-MAcally, for hard-sphere cross sections the capture rate isp
xA,given by (see also Gould 1992)
C\NA pxA
b~
P
0
vcut
d3u(vcut2 [ u2)
f (u)
u
, (1)
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vcut2 4 b~ vesc2 , bB4
4M
x
MA
(M
x
^ MA)2
, (2)
f (u) is the distribution of velocities u of WIMPs relative to
the Earth in the terrestrial neighborhood but away from the
EarthÏs potential, is the total number of atoms A in theNAEarth, and km s~1 is the escape velocity at thevesc D 13position of the atoms. In principle, one should allow for a
range of escape velocities of the atoms, but for the case of
iron in the Earth (of interest here), Gould (1987) showed
that the error induced by simply using the average escape
velocity is small.
In the present context, it is very important to note that
is the maximum velocity for which an ambient WIMPvcutcan be captured by the Earth. If then andMA D Mx, b~? 1so In this case, capture is dominated by WIMPsvcut ? vesc.that have velocities typical of the halo km s~1.v
h
D 300
This is the source of the ““ resonant enhancements ÏÏ men-
tioned above : over the whole mass range 12 GeV [ M
x
[
65 GeV, WIMP capture is dominated by resonances with
elements common in the Earth, oxygen, magnesium, silicon,
and iron. See Figure 2 of Gould (1987). For masses M
x
Z
65 GeV, WIMP capture is overwhelmingly due to the
““ tail ÏÏ of the iron resonance. If the velocity distribution at
low velocities could be approximated as a constant
f (u) ^ f (0), then the capture rate would take the form
C0\
nNA pxA f (0)vcut4
b~
] 4nNA pxA f (0)vesc4
MA
M
x
(3)
[assuming f (u) \ f (0) for Thus in the high-massu \ vcut].limit (evaluated after the arrow), the capture rate would fall
as one power of appears explicitly and theC0 PMx~2 : Mxother is implicit in f (u) for Ðxed o
x
.
Gould (1988) showed that, unfortunately, the high-mass
capture rate might not be so simple. If one restricts atten-
tion to WIMPs that are not bound to the Sun, then
funbound(u) \ 0 for o u ] ¿^ o¹ 21@2v^ , (4)
where is the velocity of the Earth. To evaluate capture in¿
^the high-mass regime properly, it is therefore necessary to
evaluate the velocity distribution of bound as well as
unbound WIMPs. In particular, if there were no bound
WIMPs, then there would be no WIMP capture at all for
WIMPs with and WIMP capturevcut¹ (21@2[ 1)v^,would be highly suppressed for WIMPs with vcut [ v^.
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These thresholds correspond to GeV andM
x
D 320 M
x
D
120 GeV, respectively.
Gould (1991) argued from detailed balance that regard-
less of the initial WIMP velocity distribution at the time of
the formation of the solar system, would be drivenfbound(u)toward the low-velocity limit of the velocity distribu-f
_
(0),
tion in the solar neighborhood but away from the solar
potential,
fbound(u)] f_(0) (5)
(Gould 1991). He found that the characteristic time for the
evolution of the velocity distribution is less than the age of
the solar system for (Fig. 3 of Gould 1991). Whileu [ v
^these arguments still left indeterminate the bound WIMP
distribution for in practice the capture rate wouldu Z v
^
,
not be seriously a†ected for any mass even if all these orbits
were empty. Hence GouldÏs (1991) arguments appeared to
resolve the problem of WIMP capture for any andM
x
, p
xA,Galactic WIMP distribution.
From the viewpoint of WIMP kinematics (the basic view-
point adopted in this paper), the WIMP mass is simplyM
xa parameter and can assume any value. However, the rele-
vance of our results depends critically on the viability of
WIMP models with masses GeV and especiallyM
x
Z 150
GeV, where the e†ects we describe become sig-M
x
[ 630
niÐcant. When WIMPs were Ðrst hypothesized, consider-
ations of known particle physics focused attention on
relatively low masses O(10 GeV). As severe experimental
limits were placed on these, a broader range of particle
physics models were considered, the most popular being the
mimimal supersymmetric standard model (MSSM). As
summarized by Ellis (2000), there are strong but not absolu-
tely secure limits on light WIMPs, GeV. An argu-M
x
[ 50
ment due to Olive & Srednicki (1989, 1991) seemed to
indicate that WIMPs could not be viable dark matter can-
didates unless they were GeV, but a loopholeM
x
[ 300
found by Ellis, Falk, & Olive (1998) raises this to M
x
[ 600
GeV. Thus the entire range of masses explored in this paper
is considered relevant even within the MSSM. Of course, it
is also possible that WIMPs are not MSSM particles, in
which case the masses could be even higher. Ultimately,
unitarity considerations place model-independent limits on
the WIMP mass, TeV (Griest, Kamionkowski, &M
x
[ 3
Turner 1990 ; Griest & Kamionkowski 1990 ; Jungman et al.
1996).
2. NEW DEVELOPMENTS
There have been two new developments since 1991 that
challenge the seemingly closed case described in the pre-
vious section. First, Farinella et al. (1994) have shown by
direct numerical integration that a large fraction of Earth-
crossing asteroids are systematically driven into the Sun by
various solar system resonances. Gladman et al. (1997) and
Migliorini et al. (1998) have further studied this problem
and generally conÐrmed the initial results. These solar colli-
sions occur on Myr timescales, several orders of magnitude
faster than the characteristic di†usion times evaluated by
Gould (1991). If WIMPs were, like asteroids, also driven
into the Sun, they would be captured by the Sun and hence
would be unavailable for capture by the Earth.
Second, Damour & Krauss (1998, 1999) have shown that
WIMPs captured by the outer layers of the Sun into highly
eccentric orbits could evolve into nonÈSun-crossing orbits
before they again collided with solar nuclei. If so, WIMPs
on these eccentric orbits could substantially increase the
number of low-velocity WIMPs in the solar neighborhood
and so could dramatically increase the capture rate in the
mass range 60 GeV et al.GeV [M
x
[ 130 (Bergstro m
1999). Below 60 GeV, WIMP capture is dominated by the
iron resonance while above 130 GeV, thevcut [ v^,minimum speed relative to the Earth for WIMPs on highly
eccentric orbits.
Here we calculate the suppression factor for WIMP
capture assuming that WIMPs are systematically driven
into the Sun by resonances, relative to the rate produced by
a uniform phase-space density as advocated by Gould
(1991).
3. BASIC APPROACH
The central experimental fact that must guide our
analysis is that to date no relevant neutrinos have been
detected from the center of either the Earth or the Sun. The
experiments therefore place upper limits on WIMPs. Thus,
a conservative interpretation of these experiments requires
that one assume that only those parts of velocity space are
populated as can be justiÐed based on very secure theoreti-
cal arguments. This perspective implies that we must
assume that all bound WIMPs with Earth-crossing orbits
are driven into the Sun within a few Myr. This includes
primordial WIMPs, the gravitationally di†used WIMPs of
Gould (1991), and the solar-collision WIMPs of Damour &
Krauss (1998, 1999).
Before continuing, we wish to emphasize that it is by no
means proved that all bound WIMPs are in fact driven into
the Sun. The numerical integrations carried out to date
(Farinella et al. 1994 ; Gladman et al. 1997 ; Migliorini et al.
1998) apply to a very special subclass of Earth-crossing
orbits, namely, those of existing minor bodies. Near-Earth
asteroids are believed to be transported from their reservoir
in the asteroid belt by means of resonances. It therefore may
not be surprising that their continued orbital evolution is
dominated by resonances. The main population of Earth-
crossing WIMPs, which acquire their orbits by quite di†er-
ent, nonresonant paths (Gould 1991 ; Damour & Krauss
1998, 1999), could be virtually una†ected by the resonances
that drive asteroids into the Sun. Our viewpoint is simply
that in the absence of proof that Earth-crossing WIMPs are
not depopulated, one cannot place reliable upper limits on
WIMPs from the failure to detect the annihilation signal
that would be triggered by the capture of these Earth-
crossing WIMPs.
4. ASSURED WIMP CAPTURE
We begin by adopting an ultraconservative view and
assume that all bound WIMPs acquired by the solar system
are immediately driven into the Sun. Then, for vcut \it is straightforward to show from equation (1)(21@2 ] 1)v
^
,
that
Cultra\
2nNA pxA f^(0)
b~
]
P
u/vhole~v^
vcut
du2(vcut2 [ u2)
]
A
1 [ vhole2 [ v2^ [ u2
2uv
^
B
, (6)
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where
vhole\ 21@2v^ . (7)
Hence, the ratio of the number of WIMPs captured under
ultraconservative assumptions to the naive formula (3) is
Cultra
C0
\
G1
2
(1[ s2)] vcut
v
^
C
[t2(1[ s)
](1] t2)(1[ s3)
3
[ 1 [ s5
5
DH
#(1[ s) , (8)
where
s \ vhole[ v^
vcut
\ 0.41 v^
vcut
, t \Jvhole2 [ v2^
vcut
\ v^
vcut
, (9)
and # is a step function. The ratio as a function ofCultra/C0WIMP mass is shown as a thin solid line in Figure 1.M
xEquation (6) is in fact too conservative. Gould (1991)
showed that Jupiter-crossing orbits (including those that
also cross the EarthÏs orbit) are populated from the
reservoir of Galactic WIMPs on very short timescales. To
an adequate approximation, the Jupiter-crossing orbits can
FIG. 1.ÈConservative capture rates for WIMPs relative to the rate
based on the naive assumption (Gould 1991) that the phase-space density
of WIMPs bound to the Sun is similar to that of low-velocity unbound
WIMPs. The thin solid curve shows the suppression factor under the
ultraconservative assumption that all bound WIMPs are driven into the
Sun on short timescales (as is true of many Earth-crossing asteroids). The
bold curve results from the more realistic assumption that WIMPs on
Jupiter-crossing (and Earth-crossing) orbits are repopulated faster than
they can be driven into the Sun.
be described as those with Earth-crossing velocities u
constrained by whereo u ] ¿
^
o[ [2(1 [ a
^
/aJ)]1@2v^,is the ratio of the orbital radii of Jupiter and theaJ/a^^ 5.2Earth. Hence the ratio of capture rates in this conservative
(but not ultraconservative) framework is still given by equa-
tion (8) but with and consequentlyvhole2 ] 2(1 [ a^/aJ)v2^ ,
s \ 0.27 v^
vcut
, t \ 0.78 v^
vcut
. (10)
This result is shown as a bold curve in Figure 1.
In principle one should take into account the loss of
coherence in WIMP-nucleon interactions that occurs when
the momentum transfer, q, becomes comparable to (or
larger than) + divided by the radius of the nucleus, RD 3.7
fm for iron. The suppression due to loss of coherence is
exp ([q2R2/3+2) (Gould 1987). However, for WIMPs of
mass the maximum momentum transfer that leads toM
x
,
capture is In the high-mass limit,qmax \ (MFe Mx)1@2vcut.Hence, the most extreme suppressionqmax] 2MFe vesc.factor is We concludeexp [[(2MFe vesc RFe/+)2/3]D 0.997.that loss of coherence can be ignored. See also Gould (1987).
5. DISCUSSION
From Figure 1, we see that under the conservative
assumption that WIMPs do not populate bound orbits
(unless they are Jupiter-crossing), WIMP capture is highly
suppressed for WIMP mass GeV and completelyM
x
Z 150
eliminated for GeV. These results imply that, atM
x
[ 630
present, the nondetection of neutrinos coming from the
EarthÏs center cannot be used to place limits on WIMPs of
mass GeV. Moreover, for masses 75M
x
[ 630 GeV[
GeV, the limits must be softened relative to whatM
x
[ 630
would be obtained from equation (3).
It is quite possible that WIMPs are not generically driven
into the Sun. The evidence that they are comes from
numerical integration of asteroid orbits, and the latter could
occupy a very special locus in parameter space. It will be
necessary to integrate typical WIMP orbits to Ðnd out
whether WIMPs survive longer than asteroids. In particu-
lar, these integrations should focus on the highly eccentric
orbits for which Damour & Krauss (1998, 1999) predict a
huge enhancement for GeV. If typical WIMPM
x
[ 130
orbits are found to survive substantially longer than aster-
oid orbits, then the limits derived from the naive calcu-
lations of Gould (1987, 1991) would become valid. It is even
possible that the much stronger limits derived by Bergstro m
et al. (1999) would apply.
We thank A. Quillen for pointing out the importance of
recent work on asteroid orbits. This work was supported in
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